Background: Intraluminal electrical impedance is a well-known diagnostic tool used to
| INTRODUCTION
The electrical impedance spectroscopy (EIS) method has been widely used in biomedical applications, 1 electrochemistry 2,3 and food inspection. 4, 5 The use of impedance measurement in gastrointestinal studies is gaining popularity among clinicians for studying bolus transit, motor patterns, and disorders along the gastrointestinal tract. 6, 7 Intraluminal impedance has been used in the human esophagus to record the transit of a controlled bolus, to measure the internal diameter, and to predict risk of aspiration. [8] [9] [10] In addition, it has been shown that impedance measurements can be used to quantitate the internal diameter in a rabbit colon in a controlled in vitro environment. 11 However, using impedance recordings to measure transit in the human colon is not straightforward, as the content cannot be controlled and may include liquid, gas, solid, or a mixture of these at any one time.
Electrical impedance can be obtained at a single frequency but it can also be taken across a range of frequencies. When this is done, it is referred to as impedance spectroscopy. In living tissues, the impedance measurements will not be constant across the range of frequen- 12 Since then, to our knowledge, frequency has not been reported in any study.
The aim of this study was to determine whether impedance spectroscopy can be used to differentiate two different forms of luminal content (liquid and gas) in an excised section of guinea pig colon. We report an investigation into the spectral characteristics of intraluminal impedance measurements conducted in an in vitro organ bath that provides insight into the effect of varying the frequency, and an associated numerical model. We provide recommendations for the best frequencies to use in different situations.
| MATERIALS AND METHODS

| Catheter design
A custom designed four-electrode catheter was built for this experiment ( Figure 1 ). Four silver ring electrodes were assembled along a 3.5 mm diameter cylindrical piece of PEEK (Polyether Ether Ketone).
The electrodes were 1 mm in length and were separated by 1 mm intervals. The cylinder containing the electrodes was then attached to a length of PTFE (PolyTetraFlouroethelene) tube of 3 mm outer diameter ( Figure 1 ). The surface electrodes were roughed with sandpaper to minimize the tissue/electrolyte interface impedance and to fix the halfcell potential that appear between metallic conductors and biological tissue and which commonly cause impedance measurement errors. 
| Equipment
Two different recordings were performed the experiments: impedance spectroscopy and external diameter of segments determined from synchronous digital video imaging. This allowed us to directly measure the bolus transit at different measuring frequencies, compare them and correlate the impedance measurements with the external luminal diameter.
A digital video camera (iPhone 6, Apple, Cupertino, California, USA), positioned above the preparation was used to record video images to create spatiotemporal maps of changes in diameter, referred to as 'Dmaps' .
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The four-electrode catheter was connected to a custom made bioimpedance measurement system (BIS), based on a Red Pitaya board (Redpitaya v1.1, Redpitaya, Slovenia), which is capable of measuring impedance from 10 Hz to 1 MHz. 15 The unit used a tetrapolar configuration for measuring the complex impedance; an alternating current with a maximum amplitude of 10 μA was applied between the two outer electrodes at each predetermined measuring frequencies, and simultaneously the voltage drop between the inner electrodes was measured. The complex impedance at five different frequencies (from 1 kHz to 1 MHz separated logarithmically) was calculated using the on-board processor of the Red Pitaya unit.; Impedance data was sent in real time to a custom software application built in LabVIEW (National Instruments, Austin, Texas, USA) to be saved and displayed. The impedance spectrograms were acquired at 10 samples per second which is an adequate sampling rate for esophageal transit testing, in which bolus transit passes considerably faster than in the human colon, estimated by Bredenoord et al. 16 
| In vitro study
A section of a proximal colon from a guinea pig was used. 
Key Points
• Intraluminal electrical impedance is increasingly used to study bolus movement in the gastrointestinal tract. This article investigates the use of complex impedance spectroscopy to study different luminal content.
• The numerical model of the lumen qualitatively agreed with those in the experimental study. Complex impedance spectroscopy allowed greater differentiation between different luminal contents.
• This work will allow clinical GI researchers to gain insight into the mechanism of electrical impedance and achieve greater quantitation in future bolus transit studies.
F I G U R E 1 3D model of impedance catheter used for the experiments and numerical study CaCl2, 2.5) and bubbled with 95% O2/5% CO2. The fecal pellets were gently flushed out of the colonic segment with Krebs solution.
The excised section of gut was then placed into an organ bath containing the same Krebs solution warmed to 37°C. Spontaneous gut contractile activities could be present for hours while within the organ bath.
In the organ bath, the anal and oral ends of the proximal colon were attached to T-shaped plastic connectors ( Figure 2 ). The catheter was passed through the T-shaped connector at the oral end and the vertical arm of the T-piece was connected to an infusion pump. In the first part of the experiment, warm Krebs (36-37°C) solution was infused at 2 ml/minutes through the oral end of the specimen to stimulate contractile activity. In the second part of the experiment, ambient air was infused using the same infusion pump at the same infusion rate. In both instances, the experiment lasted for 60 minutes, and after initial recording of free flow through the gut, the anal end of the segment was blocked causing the gut to swell to large diameters around the four-electrode catheter.
| Numerical study
The geometry of a gut segment model for simulating transit of different conductivity content along the segment was designed in Autodesk liquid.
An excitation current of 10 μA was modeled between the outer electrodes, representing the maximum current that the bioimpedance measurement system can provide, and, for the calculations below, the voltage difference between the inner electrodes was measured.
The sensitivity distribution of the tetrapolar electrode system was also simulated within the lumen to define the region of measurement when lumen is empty and when a bolus is passing through. Sensitivity is defined as the contribution of a small volume to the total measured impedance. Hence, the sensitivity and the total measured impedance is given as 18 : and where J 1 is the current density vector when current I is injected between the outer electrodes, J 2 is the current density vector when current I is injected between the inner electrodes, and ρ is the resistivity of the medium. Sensitivity can be positive, zero or negative depending on the dot product of the two vectors (J1 and J2). If the two vectors have an angle between them lower than 90°, then S is positive, if the
angle is bigger than 90° it is negative, and if it is equal to 90° then S is zero. A positive S means that an increased in resistivity of the small volume will have an increment of the total measured impedance, whereas, a negative S means that an increment of the resistivity will decrease the total measured impedance. A zero S has no influence on the total measured impedance. The higher the absolute value of S, the greater the influence on the total measured impedance.
| Statistical analysis
A set of 1500 samples of free flow-which corresponds about 5 minutes of recording data-through the gut for each content were used for statistics. Figure 3B , C shows the sensitivity distribution of the catheter within the simulated lumen when is empty and when bolus is passing through, respectively. In both distributions, negative sensitivity was found between the outer and inner electrodes and positive sensitivity were found between inner electrodes. This accords with the simulated tetrapolar system model from Grimnes.
| RESULTS
| Impedance Sensitivity
18 When the lumen is empty, positive sensitivity reaches to the mucosa and submucosa, whereas when the bolus is passing through the positive sensitivity reaches about 2 cm (not getting to the mucosa in this case).
A bigger surface of positive sensitivity can be seen in Figure 3B , C, and this can be seen in the experimental data and in the simulated lumen since an increase in resistivity there was an increase in the total measured impedance. Although, when different conductive boluses (liquid equals to lower resistivity and gas equals to higher resistivity) pass through there is an increment in total impedance for gas but a decrease for liquid. This could be explained as the resistivity, when lumen is in normal condition, is higher due to the overall resistivity of content, mucus, mucosa and submucosa, and when the
F I G U R E 3 Gastrointestinal model. (A) Lateral cross-section view of the 3D
gastrointestinal tract model with electrodes placed in the middle. Bolus travels from left to right mimicking the passage of a bolus along the specimen with all its layers from inside to outside (mucosa, submucosa, circularis muscularis, longitudinal muscularis, serosa and surroundings).
(B) and (C) Sensitivity distributions of the catheter in the simulated lumen when no presence and presence of bolus, respectively bolus passes through the resistivity is lower since the overall resistivity is due to the content.
| Numerical and in vitro study
In The difference between median and mean is small for liquid whereas for gas that difference is bigger at lower frequencies and lower at bigger frequencies, Table 1 . Furthermore, for impedance magnitude measurements, no overlap in interquartile range (IQR) was observed between mediums over the frequency range (1-177.81 kHz), however, some overlap was seen at 1 MHz ( Figure 5 ). Standard deviation and IQR for impedance magnitude are smaller for liquid than for gas content.
| Impedance spectroscopy
For phase angle, no difference between median and mean was observed for liquid and gas content, Table 1 . Conversely, the phase angle measurements did not overlap in the IQR at higher frequencies, but did at the lowest frequency. No overlap in IQR between mediums were observed at the frequency range (5.62 kHz-1 MHz, Figure 5 ).
Furthermore, no difference between IQR and standard deviation for liquid and gas content were observed. In both instances, for impedance magnitude and phase angle, outliers are present. The causes of these outliers are explained in the discussion section. Table 2 shows the correlations and 95% confident intervals between the impedance magnitude and phase angle against the measured diameter with for the two extreme types of content. All Pearson correlation were all significant different beyond 0.001 level (P < .001). The impedance magnitude is negatively correlated for liquid (coefficient range: −0.78 to −0.12 being the highest at 5.62 kHz), whereas for gas the correlation is positive (coefficient range: 0.47-0.39). Conversely, phase angle correlation for liquid is positive (coefficient range: 0.87-0.58 being the highest at 177.81 kHz, Figure 6 ) and for gas is negative (coefficient range: −0.48 to −0.04). Liquid content gives better correlation coefficients than gas content. The correlation coefficients were stronger for phase angle than impedance magnitude.
| Impedance spectroscopy and Dmaps
| DISCUSSION
This present study has demonstrated, for the first time, that complex impedance spectroscopy can be useful to differentiate between liquid and gas media inside the colon. Differences between mean values between intra-luminal content were found significant (Table 1) . For example, the difference between impedance magnitudes of contents is larger at low frequency (1 kHz), and decreases at higher frequencies (up to 177.81 kHz). Contrarily, the difference between phase angles T A B L E 1 Mean, median, IQR and standard deviation of impedance magnitude and phase angle for liquid and gas bolus of contents is larger at the highest frequency (1 MHz) and decreases at lower frequencies (to 5.6 kHz).
In addition, IQR and standard deviation for impedance magnitude of liquid are at least two times smaller than for gas content. This makes sense as the conductivity of the mixed gas varies more than the conductivity of liquid that is constantly flowing through the specimen.
Three reasons could explain this: (i) when gas is passing through the specimen, this is mixed with moisture and mucus but these are not homogenously distributed and (ii) the catheter may touch the walls due to gravity, affecting the measurement as well, (iii) similarly, a few small bubbles were seen in the liquid bolus, which could alter the impedance readings, however, this effect was less than seen with gas. This could also be the reason for the outliers in the graphs.
The difference in impedance magnitude at different measuring frequencies shows that dielectric materials are involved in the measurements during bolus transit studies. As the content medium (Krebs)
is pure electrolytic, this behavior can only come from the luminal wall.
This decrease in impedance, when the frequency increases, is also seen in a study in pigs for monitoring ischemic injury in the gastric mucosa performed by Cesar Gonzalez et al.
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F I G U R E 5 Box plots of impedance magnitude (top) and phase angle (bottom) for different content at different measuring frequencies. Star points represent the mean of the data set T A B L E 2 Pearson correlation coefficients and 95% confidence intervals for magnitude and phase angle of liquid and gas against diameter of the specimen. All P-values for each correlation were found significant (P < .001) we cannot directly compare these data due to the unknown measuring frequency used by their system, the differences in the geometry of electrodes, and the two element configuration used, compared to the four element configuration used in this work. A strong correlation between changes in phase angle and external diameter was shown.
The numerical model allowed us to further understand the bolus passage with different content media (conductivities). The numerical data were compared with the two big boluses created by clamping the end (liquid and gas bolus diameter were approximately 6 and 7.5 mm, respectively). Bolus media with high conductivity (1 and 1.44 S/m) had the same trend (a decrease in impedance magnitude)
as the liquid bolus from experimental data. Similarly, bolus mediums with low conductivity (0.1 S/m) had the same trend (an increase in impedance magnitude) as the gas bolus from the experimental data; these trends are the same as those shown in paper. 20 The total change in both instances is lower in the experimental data but as mentioned before the diameter of the bolus did not reach the 10 mm used in the simulation. Furthermore, the shape of the bolus in the simulation stays constant unlike in the experimental data in which the bolus shapes could vary with the spontaneous propagating contractions.
The impedance magnitude baseline from the numerical data (1.44 S/m had 48 Ω and 0.1 S/m had 61 Ω) were slightly higher than the mean from the experimental data at 1 kHz (mean impedance magnitude for liquid and gas were 34 and 51 Ω, respectively). That could be explained as the temperature effect on conductivity was not included in the simulations. Temperature increases conductivity of materials.
For example, the conductivity of 0.9% NaCl at 25° is 1.44 S/m but at 37°C, temperature at which the experiments were carried out, is 2 S/m.
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When a high conductivity bolus passes the impedance sensor, the impedance magnitude drops, while for low conductive bolus, the impedance magnitude goes up. The closer the conductivity of the medium gets to the conductivities of the luminal wall the less change occurs. The sensitivity of the overall impedance sensor is related to the conductivity of the content, the higher the conductivity of the content, the higher the sensitivity of the sensor. Hence, where possible it is advisable to use a bolus with the greatest contrast to that of the luminal wall. This is of direct interest to studies where a controlled bolus can be used, except that any bolus used in the esophagus must also be palatable to the subject.
With regard to this study, some limitations need to be considered. First, only one specimen was used for this preliminary study.
The strong agreement with our FEM simulation gives us confidence in our results. Second, the lack of information on electrical and mechanical properties of fecal content made it impossible to generate a suitable analog material for semi-solid faeces, hence only two contents (liquid and gas) were used in this preliminary study. And lastly, the minimum measuring frequency was limited to 1 kHz as using measuring frequencies below this would affect the sample frequency.
To conclude, we observed that the impedance measurements recorded during the passage of a liquid or gas bolus are frequency dependent due to the electrical properties of the luminal wall. Given the differences observed in complex impedance spectroscopy be- 
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F I G U R E 6 Correlation graph of phase angle against diameter at 177.81 kHz for a liquid sample
